chemical burn and Stevens-Johnson syndrome prevents the occurrence of LSCD by preserving and expanding the remaining limbal epithelial stem cells. Similarly, remaining limbal stem cells can also be expanded in corneal surfaces with partial or nearly total LSCD if corneal pannus is removed and AMT is performed as a graft with or without sutures by the use of fibrin glue. Moreover, AMT as a temporary bandage and a graft using fibrin glue can also facilitate corneal surface reconstruction by reducing the size of a conjunctival limbal autograft (CLAU) to one 601 graft for unilateral total LSCD as well as promote the success of a keratolimbal allograft (KLAL) for bilateral total LSCD. The latter success is further dictated by effective systemic immunosuppression and by measures to restore the ocular surface defenses, suppress conjunctival inflammation, and correct cicatricial complications so that a stable tear film can be maintained before surgery. This review also summarizes recent findings and outlines future challenges that we need to overcome in squamous metaplasia, that is, another major type of ocular surface failure. Keywords: amniotic membrane; conjunctival limbal autograft; immunosuppression; keratolimbal allograft; limbal stem cell deficiency; sutureless Limbal stem cell (SC) deficiency (LSCD) and squamous metaplasia are two major types of ocular surface failure A healthy cornea is covered by a stratified nonkeratinizing epithelium, which helps support a stable preocular tear film and forms a barrier against the pathogen entrance. The renewal of the corneal epithelium is governed by SCs exclusively located in the limbus clinically recognized as palisades of Vogt.
1,2 Molecular mechanism for regulating limbal epithelial SCs remains unclear despite cumulative evidence indicating that their function is influenced by their surrounding microenvironment, the socalled limbal SC niche (for reviews see references [3] [4] [5] [6] [7] ). When corneal limbal SCs are destroyed or the limbal SC niche is dysfunctional, a pathologic state known as LSCD may emerge. A number of hereditary and acquired diseases have been found to manifest LSCD, which carries the hallmark of conjunctivalization, that is, the corneal surface is covered by ingrowing conjunctival epithelium containing goblet cells (for reviews see Puangsricharern and Tseng 8 and Dua et al 9 ). Besides conjunctivalization, limbal deficient corneas also carry other pathologic features, such as destruction of the basement membrane, emergence of superficial neovascularization, chronic stromal inflammation, and scarring. Therefore, LSCD constitutes one major type of ocular surface failure leading to corneal blindness.
The other major type of ocular surface failure is caused by squamous metaplasia, where corneal as well as conjunctival epithelia turn into a stratified, non-secretory, keratinized epithelium. Unlike LSCD, the pathogenesis for squamous metaplasia is less understood. Recently, we investigated corneal pannus tissues from patients with severe ocular surface diseases manifesting squamous metaplasia and noted that such squamous metaplasia is coupled with cellular hyperproliferation, stratification, and keratinization, and the downregulation of Pax 6, which is a master gene dictating eye development, expressed by normal ocular surface epithelia, and playing a role in regulating the expression of corneaspecific keratin 12.
10 Using normal limbal explants as a model, we further discovered that exposure them to the air-medium interface during cultivation is sufficient to induce squamous metaplasia only in the limbal, but not corneal, region, and that such an event is coupled with a transient loss of Pax 6 and can be reversed by addition of a p38 MAP kinase inhibitor. 11 Taken together, these new findings indicate that squamous metaplasia of the ocular surface epithelium is linked with a pathologic process characterized by the downregulation of Pax 6. Future studies are needed to discern whether such a process represents reversible reactive or permanent intrinsic alteration of limbal SCs. Resolution of this question will lead to a new therapeutic approach for treating squamous metaplasia.
Diagnosis of LSCD
Accurate diagnosis and grading of the severity is crucial for planning an effective surgical strategy for LSCD. Although correct diagnosis of LSCD leads to successful visual rehabilitation, less appreciated is that casual diagnosis of LSCD without cytologic confirmation can be detrimental by subjecting the patient to unnecessary transplantation of allogeneic limbal SCs, and potentially toxicity from systemic immunosuppression. Among all signs of LSCD, only conjunctivalization, evidenced by goblet cell migrating onto the corneal surface, is specific for the diagnosis. The clinical clues of conjunctivalization can be suggested by the loss of limbal palisades of Vogt under slit-lamp examination or by late fluorescein staining of the cornea, which reflects poor epithelial barrier function. But definitive detection of conjunctivalization relies on impression cytology. 8 Other signs, such as superficial vascularization, chronic inflammation, irregular epithelium, recurrent erosion, and persistent epithelial defect with/without ulceration, can also be observed in many other corneal diseases without LSCD. However, even if impression cytology is used, conjunctival goblet cells detected by PAS staining are not always detected in patients with clinically suspected LSCD, especially in such diseases as severe chemical burn, cicatricial ocular phenphygoid, or Stevens-Johnson syndrome (SJS). This notion, first recognized by Puangsricharem et al 8 in 1995, was also recently noted by Fatima et al 12 during their review of histopathologic changes of the ocular surface pannus in 29 patients with clinically diagnosed LSCD caused by chemical burns. It remains to be determined whether in vivo confocal microscopy can be more precise than impression cytology by looking into both superficial and basal epithelial layers. Future challenge rests on delineating a biomarker that is expressed not by cellular differentiation, hence present on the suprabasal layers, such as goblet cells or keratinization, but by stemness inherently present at the basal SC level.
New progresses of surgical strategies
LSCD can be prevented by early intervention of amniotic membrane transplantation (AMT) As LSCD remains a major challenge for ophthalmologists, it will be a significant advance if its occurrence can be avoided at all cost during acute insults to limbal SCs in such diseases as chemical burns and SJS with or without toxic epidermal necrolysis (TEN). Even if fluorescein staining depicts an ocular surface defect involving the limbus, it does not ascertain that limbal SCs are completely destroyed at the basal level. Persistent inflammation has been recognized as a major threat leading to LSCD in humans 8 and failure of autologous limbal conjunctival transplantation in rabbits. 13 Therefore, without effective measures to suppress inflammation, even healthy limbal SCs will surely decline; let alone if they are already compromised by the aforementioned insults. On the basis of this line of reasoning, application of cryopreserved AM as a biological bandage to suppress inflammation represents a major advance in managing acute chemical burns. Several studies have deployed AMT in less than one day to 4 weeks following the burn. [14] [15] [16] [17] [18] [19] [20] [21] To address the question how soon AMT should be performed, Prabhasawat et al 22 reported that AMT performed within 5 days of Grades II and III chemical burns resulted in faster epithelial healing and less corneal haze and LSCD than that performed after 5 days. Lately, ProKera TM , an FDA-approved class II medical device consisting a sheet of cryopreserved AM clipped into a dual symblepharons ring system, was inserted to deliver the anti-inflammatory action of AM without delay in five eyes presented with total or extensive (60-75%) corneal epithelial defects with (90-3601) limbal and (30-60%) conjunctival epithelial defects within 8 days after chemical burn. 23 Conjunctival defects were reepithelialized in 8.2±5 (range, 5-17) days, whereas limbal/corneal defects healed in 13.6±8.3 (range, days. This beneficial effect was uniquely shown by early complete closure of the perilimbal conjunctival defect before circumferential closure of the limbal defects followed by centripetal healing of the corneal defect. Early peripheral corneal neovascularization followed by marked regression upon healing was noted in three eyes. During 15 ± 8.8 months of follow-up, all eyes retained a stable corneal surface with improved clarity without LSCD or symblepharon. Whenever AM became cloudy due to the accumulation of inflammatory debris, ProKera also facilitates the ease of instant exchange. Therefore, this new sutureless approach of AMT allows not only early intervention but also repeatable delivery without delay of highly desired anti-inflammatory actions. As a result, remaining limbal SCs are preserved to elicit their enormous capacity of regeneration, and cicatricial complications, such as symblepharon, are prevented in the chronic stage for mild-to-moderate chemical burns.
The promising results of AMT in acute chemical burn shed lights on the treatment of other severe ocular surface diseases, such as SJS/TEN, that are also characterized by relentless inflammation in the acute stage. If left untreated, persistent inflammation in SJS/TEN not only further destroys limbal SCs, but also leads to the cicatricial sequelae of the eye lid and the tarsus, of which both are highly correlated with corneal blindness. 24 When AMT is applied as a temporary biological bandage within 2 weeks following the acute episode of skin eruption, it has successfully treated 12 eyes of six patients with acute SJS/TEN during the period from 2002 to 2007 [24] [25] [26] [27] [28] (and also see a recent review by Gregory 29 ). For a median follow-up of 9 months (ranging from 4 to 36 months) after AMT, none of those patients showed any persistent conjunctival inflammation. As a result, the entire ocular surface remains stable without developing LSCD. ProKera has also been inserted at day 5 (one eye) and day 10 (two eyes) after the onset of eye symptoms in three eyes with total corneal epithelial defects, and at day 27 in one eye with partial epithelial defect in two paediatric patients with SJS whose medical condition is too severe to let them be brought to the operation room. 30 In a follow-up of 9 months for one patient and 20 months for the other, insertion of ProKera resulted in complete reepithelialization, clear corneas, and vision of 20/20 in all four eyes. However, due to the size limitation, cicatricial changes still occurred in the fornix, the tarsus, and the lid margin. Collectively, these results support the usefulness of early intervention of AMT as a new strategy for abating ocular surface inflammation, known to be relentless otherwise, so that LSCD can be prevented in these devastating ocular surface diseases.
Partial and even nearly total LSCD can be treated by AMT alone Corneas with preexisting LSCD are managed according to the extent of LSCD and whether one or both eyes are affected (for reviews see references 4, 31, 32 ). When LSCD is partial, where a part of the limbus is damaged, the corneal surface can be reconstructed by the removal of conjunctivalized epithelial tissue with or without AMT. [33] [34] [35] It remains unclear to what extent of limbal involvement LSCD can still be treated by this strategy without limbal SC transplantation. Most recently, we reported our clinical experiences in performing superficial keratectomy to remove the conjunctivalized pannus followed by AMT using fibrin glue in 11 eyes of nine patients that had LSCD involving as large as 1201 to almost 3601 limbus. 36 For a mean follow-up of 14.2 months (range, 6-26), all eyes regained a smooth and stable corneal epithelial surface without recurrent erosion or persistent epithelial defect, and showed less stromal cloudiness and vascularization. As a result, nine eyes showed improved best-corrected visual acuity. It is worth mentioning that in an eye with 2401 LSCD, a stage-wise surgical approach was adopted. The first surgery included removal of the pannus from the most involved area. After the healing was completed resulting in a full recovery of the limbal and corneal surfaces at the surgical areas, the second surgery was performed to remove the residual pannus from the remaining, less involved areas. As a result, the cornea recovered a stable and smooth epithelium without vascularization and much less cloudiness eventually. This encouraging result suggested the possibility of expanding remaining limbal SCs in vivo through this approach. Besides finding a better way of defining the extent of LSCD as mentioned above, future studies are needed to determine whether the aforementioned success is attributed to the use of fibrin glue, which prolongs the therapeutic actions of AM by delaying AM dissolution more so than sutures.
How small of conjunctival limbal autograft (CLAU) can still treat unilateral total LSCD? For eyes inflicted with unilateral total LSCD, where the entire limbal circumference is damaged in one eye, corneal surface reconstruction resorts to transplantation of autologous limbal SCs in a procedure termed CLAU 37 (and also see references [38] [39] [40] [41] for reviews). Because of the autologous source of limbal SCs, there is no risk of immune rejection and hence no need for any immunosuppression. A number of studies have shown overwhelming (greater than 80%) successful visual outcomes with regression of neovascularization and improvement of corneal transparency after CLAU (Table 1 , listed according to the year of publication). 33, 37, [42] [43] [44] [45] [46] [47] [48] Originally, CLAU involves the removal of two large free grafts, each spanning from 5 to 7 mm in the limbal arc length, that is, 2401, from the healthy fellow eye. 37 Therefore, there is always a concern whether the donor eye will develop LSCD in the long run, as suggested in the experimental rabbit studies. 49, 50 Presumably to avoid the above concern, a smaller size of CLAU as 90-1601 were used, but a comparable success rate was not achieved if the size was reduced to 901 or less (Table 1) . Importantly, when these smaller grafts were used, several complications have been noted in donor eye including localized haze, 33 pseudopterygium, 51, 52 filamentary keratitis, 42 microperforation during surgery, 53 abnormal epithelium, 54 and corneal depression. 55 Knowing that AMT as a biological bandage can facilitate in vivo expansion of remaining limbal SCs, 14, 16, 18 we and others have incorporated AMT during CLAU to promote a higher success rate while circumventing aforementioned complications to donor eyes. [44] [45] [46] However, all these studies did not attempt to address whether a smaller size of CLAU can still be sufficient. As mentioned above, because AMT with fibrin glue performed in stages can even help treat nearly total LSCD, 36 we examined the hypothesis that one 601 CLAU, if combined with insertion of ProKera as well as with AMT using fibrin glue, might be sufficient to restore the corneal surface with unilateral total LSCD. 47 In a single case report, we noted that the corneal epithelialization was completed by day 18 after surgery. During a followup of 1 year, the corneal surface remained stable and smooth, and the stroma considerably regained clarity with the regression of midstromal vascularization. The best-corrected visual acuity improved from 20/400 to 20/50. The conjunctival inflammation completely resolved, and the fornices were deep. No complication was noted in the donor eye. Therefore, a combination of AMT as a permanent graft and as a temporary patch might act together to secure an (fetal) environment favourable for the regeneration of limbal SCs. Additional trials are needed to determine whether our observation can be uniformly applied to all eyes with unilateral total LSCD.
How can we further improve the long-term outcome of keratolimbal allograft (KLAL)?
In the event of bilateral or unilateral total LSCD, transplantation of allogeneic limbal SCs is the only remaining alternative for successful corneal surface restoration. This can be achieved by KLAL from cadaveric donors [56] [57] [58] or by limbal conjunctival allograft from living-related donors (lr-CLAL). 58, 59 A KLAL is a 3601 lamellar ring graft encompassing a minimal portion of scleral tissue, the entire limbus, and the most peripheral portion of the cornea. When compared with lr-CLAL, KLAL offers the advantages of providing 3601 SC supply because the entire eye limbal circumference is used for reconstruction, and thus eliminating the concern of removing healthy limbal tissue from a normal eye, but still carried the disadvantages of lacking in the conjunctival tissue for simultaneous conjunctival reconstruction.
Although the short-term success rate of KLAL are comparable to those of CLAU, when the follow-up period is prolonged to more than 2 years, the success rate of KLAL dramatically drops to less than 60% (Table 2 , listed according to the median follow-up length). 55, 56, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] This discrepancy is in great contrast to the overwhelmingly high success achieved by CLAU (Table 1) . One natural explanation for the failure of KLAL is allograft rejection because transplantation is carried out to the limbus, a highly vascularized area relatively abundant in Langerhans' cells. However, even under continuous systemic administration of cyclosporine A alone with or without steroid, the long-term results for KLAL over 3 years of follow-up remained unsatisfactory (Table 2) . [63] [64] [65] [66] [67] [68] In the past 8 years, we have used a combined immunosuppressive regimen including systemic 0.5 mg/kg/day FK506 starting 1 week as well as 0.5 mg/kg/day prednisone, 2 g/day MMF, and 200 mg 5/day acyclovir prophylactically against viral reactivation, starting 3 days before surgery in 10 patients Limbal Stem Cell Transplantation L Liang et al receiving KLAL for bilateral total LSCD (eight patients) and unilateral total LSCD (two patients). Both prednisone and acyclovir were tapered off in 2-3 months after surgery when the eye became quiet. Their doses were adjusted according to the balance between ocular surface inflammation and the systemic side effects known for MMF and FK506 according to the levels of creatinine and BUN, CBC, platelets, and liver profile. Patients with notable systemic diseases and taking other systemic medications were also monitored by internists to ensure systemic well-being. In our 10 cases, MMF was given at 0.8-2 g/day and FK506 at 1.1-3 g/day, and the trough levels of MMF and FK506 were checked at the frequency of monthly to quarterly for the first year .The mean trough level was 1.6 mg/ml and 4.5 ng/ml for MMF and FK506, respectively. Although both doses and levels are lower than those used for solid organ transplantation, we noted seven episodes of KLAL graft rejection in six eyes (50%; all successfully reversed), and four episodes of PKP graft rejection in three eyes (30%; two successfully reversed) during a mean follow-up of 50.3±14.1 months (range, 36-84). Our overall KLAL rejection rate is much reduced when compared to earlier studies using cyclosporin A alone.
63-68
Allograft rejection does not account for all KLAL failure. [67] [68] [69] Severe dry eye, 46,68 keratinization, 58,70 chronic inflammation, 71 and uncorrected lid and lid margin abnormalities 46 have all been found associated with poor prognosis for KLAL (for review see Espana et al 31 ). That was why eyes with SJS/TEN, which tend to cumulate many of these deficits, have the poorest long-term outcome of KLAL. 63, 65, 68 In our 10 patients (12 eyes) receiving KLAL, one was caused by SJS/TEN, one by an unknown cause, and the remaining 10 were caused by chemical burns. We identified deficits in the ocular surface defense, such as exposure problem, that is, incomplete blinking, reduced blinking rate, or lagophthalmos (10 eyes), dry eye (9 eyes), glaucoma (6 eyes), mechanical insults due to trichiasis, distichiasis, keratinization of the lid margin, or entropion (5 eyes), and symblepharon (5 eyes).
Because we and others have proposed that it is a prerequisite to restore a sound ocular surface defense before KLAL, 31, 46, 65, 67 we performed epilation and bandage contact lens (12 eyes), tarsorrhaphy (11 eyes), punctal occlusion (11 eyes), autologous serum drops (9 eyes), symblepharon lysis, fornix reconstruction and AMT (4 eyes) 72 , and lid reconstruction (3 eyes). Intraocular pressure was also controlled by glaucoma drainage implant surgery or by medications before KLAL. For visual rehabilitation, penetrating keratoplasty was performed in 10 of 12 eyes at 9.6±9.2 months after KLAL (range, 1-31). For a mean follow-up of 50.3±14.1 months, nine eyes (75%) gained a clear cornea with a stable epithelium. The visual acuity improved from non-ambulatory (hand movement, 20/200) to ambulatory (20/200-20/20) at the last visit in these nine eyes. Our overall success rate is better than that of an earlier study, in which only patients with aniridia lacking most of these deficits were included. 
